A B S T R A C T Accumulation of adenine deoxynucleotides (dATP and dADP) in the erythrocytes of a patient with adenosine deaminase (ADA) deficiency was confirmed. The patient, now 18 mo old, was treated with a bone marrow transplantation from his HLA identical sister at 7 mo ofage. Before and after the transplant, his erythrocyte and lymphocyte ADA activities, as well as his erythrocyte nucleotide profiles, were measured. 10 wk after the marrow transplant, no ADA activity could be detected in his erythrocytes, whereas there was a mixture of donor and patient lymphocytes as measured by ADA assays and karyotyping. At the same time, both dATP and dADP had disappeared from his erythrocytes, which were entirely of patient origin. These findings indicate that partial engraftment of donor lymphocytes into an ADA-deficient patient is capable of "correcting" alterations of deoxynucleotide concentrations in the patient's ADA-deficient erythrocytes.
INTRODUCTION
Many cases of inherited deficiency of adenosine deaminase (ADA)' (EC 3.5.4.4.) associated with severe Dr. Ochs is an investigator of the Howard Hughes Medical Institute.
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combined immune deficiency have been described (1, 2) . Abnormal quantities of adenosine, adenine, ADP, ATP, and cyclic AMP have been reported in the serum, urine, erythrocytes, and lymphocytes of ADA-deficient patients (3) (4) (5) (6) . Recently, Cohen et al. (7) and Coleman et al. (8) independently found high levels of adenine deoxynucleotides (dATP and dADP) accumulated in the erythrocytes of two affected patients. Cohen et al. (7) suggested that a similar accumulation ofdATP in the lymphoid tissues ofADA-deficient children may be one of the underlying causes of their immunodeficiency via DNA "starvation" through the inhibitory action of the dATP on ribonucleotide reductase. More recently, Donofrio et al. (9) have documented an accumulation of dATP in the lymphocytes of one of these patients. In this paper we confirm the accumulation of adenine deoxynucleotides (dATP and dADP) in erythrocytes of an ADA-deficient patient and report the eventual disappearance of the nucleotides from his own erythrocytes after a successful engraftment of donor lymphocytes. (10) . Hemolysates and leukocyte extracts were prepared as previously described (11) . The fresh prepared extracts were used for ADA activity assays.
METHODS
ADA activity assays. ADA was assayed spectrophotometrically (12) and also by an isotopic method. In the isotopic method, the reaction mixture contained 40 ,ul of 30 gM [G-3H] adenosine (250 mCi/mmol) in phosphate buffer (pH 7.4). The reaction was initiated in duplicate by adding enzyme solution (1-5 ,ul ) and stopped at 0 min, 30 min, and up to 2.5 h by immersing the tubes in boiling water for 1 min.
Aliquots (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) IpI) were spotted on a silica gel thin-layer chromatography plate (EM Laboratories, Inc., E. Merck, Darmstadt, Elmsford, N. Y.; F-254) for separation of adenosine, inosine, and hypoxanthine with a solvent that contained equal volumes of 94% n-butanol and 44% aqueous propionic acid. The adenosine, inosine, and hypoxanthine areas were cut out, suspended in Aquasol (New England Nuclear, Boston, Mass.), and assayed for 3H activity in a Packard Scintillation Counter (Packard Instrument Co., Downers Grove, Ill.) with 1.2±0.3 (5) Hb; hemoglobin.
* ( ) Number of independent determninations. counting efficiency of 49%. ADA activity was calculated from the quantity of inosine and hypoxanthine produced. High-performance liquid chromatography for nucleotide assay. Perchloric acid extracts oferythrocytes were prepared by the method described by Beutler (13) . The neutralized extracts were used immediately for experiments or stored in -20°C for up to 1 mo without loss of the nucleotide content. Nucleotides were resolved by high-performance liquid chromatography. The perchloric acid extracts (20-80 ,lI) were injected into a Waters ,u-Bondapak NH2, 4-mm x 30-cm column (Waters Associates, Inc., Milford, Mass.) equilibrated with a 0.01 M ammonium phosphate buffer, pH 4.0, and eluted with a linear gradient of 0.125 M ammonium phosphate buffer, pH 5.0, at a flow rate of 3 ml/min for 45 min. The elutant was monitored at 254 nm. The peaks were identified by cochromatography of the known standards in the column and by a thin-layer chromatography method (14) . The areas under the peaks were measured by an Autolab IV integrator (Autolab Div., Spectra-Physics, Santa Clara, Calif.). The concentrations Fig. 1 shows high-performance liquid chromatographs of erythrocyte nucleotide profiles of (A), a normal control; (B), the patient 4 wk before transplantation; and (C), the patient 10 wk after transplantation. The major peaks of the normal control were identified as ADP and ATP in the chromatograph. The chromatograph of the patient's pretransplant extract revealed a strikingly different pattern, with one large peak after the ADP peak and another peak after ATP. Neither of these two additional peaks was seen in the erythrocyte chromatographs of 17 normal controls or in those of the patient's parents. The new peaks co-chromatographed in the high-performance liquid chromatography column with standard dADP and dATP, respectively. The identification of dATP was also confirmed by co-chromatography ofthe eluted compound with the standard dATP on a thin-layer chromatograph. The dADP and dATP peaks were not present in chromatographs of the patient erythrocytes 10 wk after marrow transplantation, although no erythrocyte ADA was detectable. At that time, his immunologic functions showed marked improvement as indicated by in vitro lymphocyte transformation to mitogens (phytohemagglutinin, concanavalin A, and pokeweed mitogen) and in vivo antibody responses to bacteriophage OX 174).
The levels of dADP, dATP, ADP, and ATP in the patient's erythrocytes are summarized in Table II . dADP or dATP was undetectable (<0.01 mM) in normal erythrocytes, whereas both were present in significant quantities in those of the patient. The dATP concentrations were 0.35, 0.57, and 0.2 mM, respectively, in three different blood samples before the transplantation. The ratio of dATP:ATP on the samples were 0.3, 1.3, and 0.17, respectively. The dADP levels were from 0.10 to 0.16 mM, which was about the same as the ADP level found in his erythrocytes. DISCUSSION 3 wk after receiving a bone marrow transplant from his normal sister, the patient's erythrocyte ADA activity rose to 7% of normal and then gradually declined, becoming undetectable 10 wk after treatment. Conversely, the patient's lymphocyte ADA activity rose to a nearly normal level and then fluctuated moderately during the 20 wk after transplantation. 8 mo after transplantation, karyotype analysis of his peripheral lymphocytes with phytohemagglutinin stimulation showed 67% XX and 33% XY cells.
The finding of large quantities of adenine deoxynucleotides in the patient's erythrocytes was in accord with two previous reports (7, 8) . By following the nucleotide profiles, we showed that the erythrocyte adenine deoxynucleotides in our patient disappeared after transplantation, even though these cells were of patient origin, as revealed by absence ofboth ADA and the N antigen. Therefore, a process capable ofremoving accumulated adenine deoxynucleotides from these erythrocytes must have developed after treatment.
There is evidence (15) that in normal human erythrocytes deamination of deoxyadenosine is about 75-180-fold greater than its phosphorylation. As a consequence, the deoxyadenosine of normal erythrocytes is mainly metabolized to deoxyinosine and then to hypoxanthine. However, in ADA-deficient patients, deoxyadenosine is converted to deoxy-AMP and finally accumulates in the form of dADP and dATP. Even though a "take" of the donor's erythrocytes did not occur, lymphocyte engraftment took place, permitting deamination of deoxyadenosine accumulated in the patient's other cells, including erythrocytes and probably their precursor cells. Furthermore, this deaminating capability of the grafted lymphocytes apparently permits the appearance ofsome ofthe patient's ADA-deficient lymphocytes, thus achieving a lymphocyte chimerism of ADA normal and abnormal cells.
The mechanism by which accumulated deoxyadenosine and a consequent rise in dADP and dATP causes lymphocyte dysfunction is still a matter of speculation. Currently, the most attractive view is that dATP has an inhibiting effect on ribonucleotide reductase and decreases the availability of other deoxynucleotides for DNA synthesis in lymphocytes. The study of this patient establishes that the successful engraftment of donor lymphocytes in an ADA-deficient patient reduces the concentration ofdATP and dADP to normal values within the patient's erythrocytes and also allows a portion ofthe patient's lymphocytes to survive. These observations are compatible with the concept that one major toxic factor in ADA deficiency is an accumulation of dATP.
